Abstract
A Cooperative Research and Development Agreement (CRADA) was sponsored by Battelle Memorial Institute (Battelle, Columbus), to initiate a collaborative research program across multiple Department of Energy (DOE) National Laboratories aimed at developing a suite of new capabilities for predictive toxicology. Predicting the potential toxicity of emerging classes of engineered nanomaterials was chosen as one of two focusing problems for this program. PNNL's focus toward this broader goal was to refine and apply experimental and computational tools needed to provide quantitative understanding of nanoparticle dosimetry for in vitro cell culture systems, which is necessary for comparative risk estimates for different nanomaterials or biological systems. Research conducted using lung epithelial and macrophage cell models successfully adapted magnetic particle detection and fluorescent microscopy technologies to quantify uptake of various forms of engineered nanoparticles, and provided experimental constraints and test datasets for benchmark comparison against results obtained using an in vitro computational dosimetry model, termed the ISSD model. The experimental and computational approaches developed were used to demonstrate how cell dosimetry is applied to aid in interpretation of genomic studies of nanoparticle-mediated biological responses in model cell culture systems. The combined experimental and theoretical approach provides a highly quantitative framework for evaluating relationships between biocompatibility of nanoparticles and their physical form in a controlled manner.
OBJECTIVE
A Cooperative Research and Development Agreement (CRADA) was initiated in FY2010, sponsored by Battelle Memorial Institute (Battelle, Columbus), to initiate a multi-DOE National Laboratory collaborative research program aimed at developing a suite of new capabilities for predictive toxicology and safety assessment. Assessing potential safety/toxicity of nanomaterials was chosen as one of two focusing problems (research tracks) for this program, with the second track focused on predicting toxicity of cardiovascular drugs. Partnering laboratories involved include the Lawrence Livermore National Laboratory (LLNL), Pacific Northwest National Laboratory (PNNL), Oak Ridge National Laboratory (ORNL), Brookhaven National Laboratory (BNL) and Battelle. PNNL's contribution to the project was focused on the nanoparticle toxicology track of the program.
Engineered nanomaterials are expected to play a major role in energy production, use and storage for the future, as evident by DOE's multi-million dollar investments in Nanotechnology Centers at several of the National Labs. With an increased production and use of these materials now and in the future, there is concern that there will be increased likelihood of occupational exposures. The benefits of this program to each National Laboratory, including PNNL and DOE, is the development of new tools for providing insights into the safety of these next generation materials and technologies intended for use in energy production and use. In addition, as nanotechnology progresses, understanding of the biological effects of these materials may become important in development of countermeasures against biosecurity threats. Engineered nanomaterials are currently being developed and used in humans for a variety of pharmaceutical and medical diagnostic applications. Thus, the anticipated benefits of this program to Battelle also includes demonstrating expertise in nanotechnology as it applies to medical technologies, and transfer of technology and/or capabilities developed at the National Laboratories in support of health risk-related research and testing to its private and government sector clients.
This cooperative relationship combines unique National Laboratory resources and measurement capabilities with Battelle's expertise in basic and translational health research. The longer term objectives of the program are to combine existing measurement capabilities into a unique multiscale toxicology assessment pipeline, to integrate data from different end-point studies into a comprehensive model that links the in vitro cellular effects to the in vivo whole animal response and most importantly to develop a suite of new capabilities that, when combined, will add new insights into the potential toxicities of nanomaterials developed for use in humans, or by which humans may be exposed occupationally. Such insights should reduce the time it takes to complete safety assessments and thus reduce the time it takes to make new products and nanoenabled technologies available to the public. Importantly, the end products of this research will be of similar value for assessing the safety of chemical agents used in commerce as well as those found in the environment.
Goals and Expected Outcomes.
The overall goal of this program is to conduct research needed to develop a toxicity testing pipeline using quantitative techniques and next generation tools that combines insights into the molecular mechanisms responsible for the toxicity of nanomaterials and to what cells and organs are affected. This includes development and application of a group of quantitative techniques that measure molecular, cellular, organ and whole organism dose and responses to a point where toxicity can be related to the properties of the materials. The capabilities developed cooperatively by Battelle and the participating National Labs will provide the basis for a broadlyapplicable set of analytical tools that will eventually lead to the next generation of safety testing techniques.
PNNL's tasks under this CRADA were designated by Battelle program leadership and were based on the existing expertise in nanotoxicology at PNNL. Only activities performed by PNNL are summarized in this final report. Specifically, the research tasks for which PNNL was the lead laboratory focused on dosimetry measurement and modeling for cell culture studies, including: a) Coordinate the development of experimental protocols, cell exposure and screening assays with the other partners of this program; b) Establish capabilities to assess cellular dosimetry and quantify how cells respond to nanoparticle exposure; c) Conduct targeted live cell imaging and other measures as necessary to quantify of the uptake of nanoparticles in cells; d) Develop bioinformatics strategies to describe biological responses and biological pathways affected by nanoparticle exposure.
The overarching deliverables expected from these tasks included: a) developing new information on the cellular targets responsible for the toxicities of specific nanoparticles and b) demonstrating the feasibility of a new toxicity testing paradigm based on quantitation of cellular and molecular endpoints. In keeping with the fundamental research nature of the program and National Laboratory participants, the primary measures of these deliverables are scientific presentations, publications and where appropriate, technology transfer.
General Approach
A primary focus of PNNL's effort was to refine and apply tools needed to provide quantitative understanding of nanoparticle dosimetry (dose to the target cell) for in vitro cell culture systems, which is necessary for comparative risk estimates for different nanomaterials or biological systems. Given the most likely scenario for occupational exposure to engineered nanomaterials is through inhalation, represent lung cells were chosen as model systems for investigation in these studies. These included a mouse lung epithelial cell line (C10) and a mouse macrophage cell line (RAW 264.7). For some studies, mutants of the RAW 264.7 cell line which lack scavenger receptors involved in uptake of nanoparticles (previously developed at PNNL) were used for comparison. For model nanoparticles, superparamagnetic iron oxide and amorphous silica nanoparticles, ranging from 15 -33 nm core sizes, were obtained commercially (Ocean Nanotech) or prepared and supplied by ORNL (prepared "in-house"). In addition, commercial sources of fluorescent polystyrene were used.
Cell dosimetry measurements were obtained by fluorescent microscopy of labeled polystyrene nanoparticles as well as by adapting a magnetic resonance-related technique constructed at PNNL for cell culture studies. Magnetic particle detection (MPD) specifically exploits the nonlinearity of nanoparticle magnetization (Krause et al. 2007 ) and has been successfully used for sensitive immunoassays as well as for real-time monitoring of nanoparticle kinetics in circulating blood (Nikitin et al. 2008 ). For the current work, MPD instrumentation was adapted for use in cell culture studies to measure total cell associated dose of superparamagnetic nanoparticles following exposure in vitro. These data, along with existing data available at PNNL and literature data where appropriate, were used to provide experimental constraints and test datasets for benchmark comparison against results obtained using an in vitro dosimetry model, termed the In vitro Sedimentation and Diffusion Dosimetry Model (ISSD). ISSD calculates transport and delivery of nanoparticles, based on first principals of gravitation and diffusion, given known parameters for cell culture conditions such as media volume, height, viscosity, etc. A full description of the ISSD model is provided in .
The biological response of cells exposed to nanoparticles was determined by genomic analysis of gene expression patterns using Affymetrix microarrays and quantitative reverse transcription polymerase chain reaction (qRT-PCR) assays. Affymetrix analysis was conducted at Battelle from total RNA samples prepared at PNNL. qRT-PCR and bioinformatics analyses of gene expression was conducted at PNNL, using standard approaches previously developed (Waters et al. 2009 ).
Results and Outcomes
For summary purposes, only examples of key results and outcomes of the tasks led by PNNL are provided below for illustration. A full list of scientific presentations and publications arising from work conducted at PNNL are provided at the end of this section.
Adaption of MPD for Cell Dosimetry.
A simple low-cost inductive sensor developed at PNNL was adapted and applied in these studies to quickly determining the total mass of magnetic nanoparticles that is bound to the plasma membrane and internalized by cultured cells. MPD sensor operation exploits an oscillating magnetic field (f 0 = 250 kHz) together with the nonlinear response of particle magnetization to generate a harmonic signal (f 3 = 750 kHz) that varies linearly with particulate mass (R 2 > 0.999) and was found to be sufficiently sensitive for detecting ~ 100 ng of carboxyl-coated iron-oxide nanoparticles in under a second. When exploited for measuring receptor-mediated nanoparticle uptake in RAW 264.7 macrophages, results showed that the achieved dosimetry performance was comparable with relatively expensive analytical techniques that are much more time-consuming and labor-intensive to perform. Examples results obtained with MPD are illustrated below (Minard et al., manuscript submitted) . 
Comparison of MPD Experimental Results and ISSD Dosimetry Modeling.
Transport of the polydisperse solution of iron oxide nanoparticle agglomerates to cells grown as a monolayer in liquid culture was modeled as a mass weighted distribution of particles in accordance with the particle size and number fraction associated with each agglomerate size class, as determined by dynamic light scattering. The total mass of iron oxide delivered at each time step was calculated as the sum of calculated mass (fraction delivered times mass in the experiment) of each of the five agglomerate particle size classes delivered. The fractal dimension (DF) of the iron oxide agglomerates was not known. Improbable values of DF, 1 (representing a rod) and 3 (representing a perfectly filled sphere) were not considered. Values near those reported in the literature for cerium oxide and fumed silicon dioxide of ~2.0 were considered plausible. Accordingly, DF was varied between 2.0 and 2.4, to evaluate model behavior against the experimental data. For this range of plausible values of DF, ISDD calculated delivered iron oxide was in close agreement with measured values of cell associated iron oxide (Figure 2 ), differing at most by a factor of approximately 2 or less. Correspondence between observed and model calculated transport of iron oxide was greatest, differing by only 5-30%, for a DF of 2.3. Thus, overall good agreement between experimental and model estimates of delivered dose to cells was obtained. 
Integrated Dosimetry and Gene Expression Analyses.
The dosimetry measurement and modeling capabilities developed in this work provided a means to directly compare toxicological potencies of different types of particles based on actual cell doses, rather than simply concentration of particle in the culture medium. As illustrated in Figure 3 , we applied these approaches to also evaluate the effect that nanoparticle agglomeration has on cellular responses. Aggomeration of nanoparticles is a common phenomena that occurs in most culture systems, and can introduce challenges in interpreting in vitro toxicology data. Using the approaches described, along with methods to produced agglomerates of iron oxide nanoparticles of controlled size, we demonstrated that nanoparticle agglomeration state significantly influences the amount of dose delivered to cells in culture, and affects their potential to induce cytotoxicity, oxidative stress and gene expression. When compared on a delivered total nanoparticle mass/cell dose metric basis, measured by MPD, small agglomerates were found to induce greater oxidative stress, cytotoxicity and redox-regulated gene expression compared to large agglomerates. These differences were not apparent when responses were evaluated as a function of media concentration (µg/ml of nanoparticle) alone. Theoretical calculations using the ISDD model on agglomerate surface area revealed that the biological response normalizes when cells are exposed to equivalent total delivered nanoparticle surface area irrespective of agglomerate diameter, suggesting surface accessible iron oxide molecules are responsible for catalyzing the oxidative stress response. The combined experimental/theoretical approach thereby provides a highly quantitative framework for evaluating relationships between biocompatibility of NPs and their physical form in a controlled manner. Results shown dose-response relationships for two oxidative stressregulated genes in C10 epithelial exposed following exposure to either small (C442S, 276 nm) or large (C442L, 689 nm) agglomerates of iron oxide nanoparticles, composed of identical primary particles (33 nm diameter). For comparison, the dose is expressed in either mass/cell (pg/cell), or the amount of agglomerate surface area delivered to the cells. Agglomerate surface area was calculated using fractal dimension (DF) values for agglomerates as identified from ISDD simulations. On a surface area metric basis, the biological response of small and large agglomerates of carboxy-modified nanoparticles was found to give similar dose-response profiles. Results are from Sharma et al. (manuscript submitted).
Summary of Outcomes
As illustrated in these example results, PNNL successfully adapted and developed new strategies to incorporate cell dosimetry for engineered nanomaterials into in vitro systems for toxicological hazard analysis and testing. The studies performed were presented at major scientific meetings and invited presentations made by PNNL staff at national conferences, and contributed to several peer-reviewed publications. As demonstrating scientific leadership in nanotoxicology was an initial expected outcome of the program, the consensus from Battelle program leadership was that PNNL tasks were successfully completed and contributed positively to this outcome.
An assessment of the market potential for toxicological testing of nanomaterials with large pharmaceutical companies was conducted by Battelle in FY2011-2012. Based on the outcome of this market assessment, Battelle chose in FY2012 to shift its focus from the nanotoxicology track of the CRADA, and focus the program resources on issues of predicting cardiovascular drug toxicities. The consensus from Battelle program leadership was that the PNNL research tasks were sufficiently complete with submission of manuscripts for publication. Manuscripts published or submitted, along with other presentations and invited presentations made by PNNL contributors from work are provided below (data from PNNL ERICA database):
